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Information on the distribution of genetic variation is essential to preserve olive germplasm from erosion and to recover alleles lost through selective breeding. In addition, knowledge on population structure and genotype-phenotype associations is crucial to support modern olive breeding programs that must respond to new environmental conditions imposed by climate change and novel biotic/abiotic stressors. To further our understanding of genetic variation in the olive, we performed genotype-bysequencing on a panel of 94 Italian olive cultivars. A reference-based and a reference-independent SNP calling pipeline generated 22,088 and 8,088 high-quality SNPs, respectively. Both datasets were used to model population structure via parametric and non parametric clustering. Although the two pipelines yielded a 3-fold difference in the number of SNPs, both described wide genetic variability among our study panel and allowed individuals to be grouped based on fruit weight and the geographical area of cultivation. Multidimensional scaling analysis on identity-by-state allele-sharing values as well as inference of population mixtures from genome-wide allele frequency data corroborated the clustering pattern we observed. These findings allowed us to formulate hypotheses about geographical relationships of Italian olive cultivars and to confirm known and uncover novel cases of synonymy.
Cultivated olive tree (Olea europaea L. subsp. europaea var. europaea) is believed to originate from the wild oleaster (Olea europaea L. subsp. europaea var. sylvestris) in the north Levant, a region corresponding to the modern Syrian-Turkish border [1] [2] [3] [4] . It is still under debate whether independent domestication events have occurred in the Mediterranean basin or whether it represents a secondary olive diversification centre [5] [6] [7] .
Olive was introduced in Southern Italy, first by Phoenicians and, later, by Greek colonization of the region 8, 9 . Then, it gained a considerable economic importance with Romans, who disseminated olive cultivation and oil processing facilities all around the Mediterranean basin 10, 11 .
Olive cultivars grown today were selected and carried over major migration routes by clonal propagation and grafting. Such migration events were particularly complex and ultimately led to confusion over cultivar nomenclature and identity, resulting in a large number of homonymies, synonymies and errors in the naming of cultivars 12 .
Information on genome-wide patterns of genetic variation and knowledge on population structure of olive germplasm is essential to define priorities for management and conservation of gene pools, to develop new sustainable cropping systems 13, 14 and to study the impact of domestication on olive tree genetic variability.
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Investigations into the genetic consequences of domestication and breeding have been already successfully performed on several long-lived perennials. By exploiting a few dozen microsatellite markers, different research groups have assessed the level of genetic variation as consequence of domestication and crop improvement as well as the spatio-temporal origin and the spread of almond 15 , apricot 16 , apple 17 and olive 18, 19 trees. Using different methods, Myles, et al. 20 applied the Vitis9kSNP array to characterize a Vitis vinifera germplasm collection on a genome-wide scale and to infer the domestication and breeding history by evaluating patterns of population structure.
In addition to knowledge on genetic diversity, which is shaped by natural and human-derived processes, genotype-phenotype association is a key prerequisite to modern breeding programs. New challenges for olive breeding are related to (i) the increasing ecological impact of climate change and associated abiotic stresses and (ii) new or resurgent pests and diseases. Among the latter, the emergence of the bacterium Xylella fastidiosa has caused severe decline of olive trees in Apulia (Southern Italy) [21] [22] [23] .
Morphological characterisation, traditionally used for the assessment of the genetic diversity across olive germplasm collections, has been recently paralleled by the use of molecular markers 24, 25 . Different types of DNA markers, namely simple sequence repeats (SSRs) [26] [27] [28] [29] [30] , amplified fragment length polymorphism (AFLP) [31] [32] [33] [34] [35] and single nucleotide polymorphisms (SNPs) [36] [37] [38] , have been till now used to dissect olive genetic variability.
Compared to other types of DNA markers, SNPs have some advantageous features. They are common and found throughout the genome, stable (i.e. are less mutable), and readily assayed using high-throughput genotyping protocols and automated data analysis. Furthermore, adjacent SNPs in haplotype blocks that tend to be inherited together can be exploited in genetic dissection of complex traits 39 .
Recent progress in next-generation sequencing (NGS) has made SNP discovery cost-effective. Although SNP markers can be observed through various experimental protocols, at present, genotype-by-sequencing (GBS) is the most popular approach for SNP identification in plants [40] [41] [42] . In the last few years, GBS has been largely used in species with a reference genome to discover new SNP markers and to develop mapping populations [43] [44] [45] , to assess genome-wide diversity and linkage disequilibrium [46] [47] [48] , and to perform association mapping studies [49] [50] [51] .
Although GBS has been mostly applied to species with complete, near-complete or partial reference genomes, different SNP calling pipelines have been developed to apply GBS to species with limited genomic information [52] [53] [54] . Indeed, interesting studies have been successfully carried out in species lacking a reference genome such as switchgrass, oat, blackcurrant, hop, alfalfa and sugarcane 53, [55] [56] [57] [58] [59] .
To our knowledge, two studies based on GBS and on the reference-independent SNP calling pipeline Stacks 52 have been performed in olive. These studies aimed at the construction of high-density genetic linkage maps as a resource for locating QTL (Quantitative trait loci) associated with agronomically important traits and for genome scaffolding 60, 61 .
Herein, we describe the first genome-wide diversity study on a collection of 94 cultivars representative of Italian olive germplasm. Italy has the second-highest level of olive oil production in the World 10,62 and represents a diversity centre with more than 500 different cultivars grown across its territory 12, 63 . This richness in biodiversity was well documented by Hatzopoulos, et al. 64 and by Owen, et al. 65 , who described the wide genetic variability for a large number of bio-agronomic traits in Italian olive germplasm. We adopted two different SNP calling procedures: the first one is based on the TASSEL-GBS pipeline and on the partial O. europaea genome sequence released by Cruz, et al. 66 ; the second relies on the reference-independent TASSEL Universal Network Enabled Analysis Kit (UNEAK) pipeline 53 . The extensive catalogue of SNPs we developed was used to (i) measure genetic variation and establish the relationships among all individuals across the population as independently assessed by a parametric (STRUCTURE 67 ) and a non-parametric (AWclust 68 ) population structure analysis software; (ii) resolve cases of synonymy in olive germplasm and (iii) formulate hypotheses about the geographical relationships and spread of olive cultivars on Italian territory.
Results
The GBS analysis performed by Illumina sequencing generated ~247 M reads, on average 2.6 M reads per sample. GBS sequence tags were merged into a single master tag file including 1.4 M reads. Two SNP calling pipelines were run, namely TASSEL-UNEAK and TASSEL-GBS.
Diversity analysis via the TASSEL-UNEAK SNP calling pipeline.
The reference-free TASSEL-UNEAK pipeline called 81,820 unfiltered SNPs. By using the filtering criteria described in Methods, the number of SNP loci was reduced to 8,088. In Fig. 1A , the mean depth of coverage and the number of SNPs per cultivar are reported. Transitions (Ti) were more abundant (63.1%) than transversions (Tv) (36.9%), with a Ti/Tv ratio of 1.7. The most and the least frequent substitutions were C→T (32.65%) and C→G (5.2%), respectively (see Supplementary Fig. S1 ). SNP calling revealed that the majority of SNPs were homozygous either for the reference (61%) or the alternate allele (7.5%); on average, 29.7% SNP loci were heterozygous, whereas only 1.8% of missing data were observed (see Supplementary Fig. S2A ).
STRUCTURE and Structure Harvester analyses indicated that the germplasm collection genotyped in this study could be divided into three clusters (K = 3; see Supplementary Fig. S3A; Fig. 2 ). Cluster C1 u , cluster C2 u and cluster C3 u include 15, 27 and 29 cultivars respectively; the remaining 23 cultivars are classified as admixed. A clear separation between cluster C1 u and cluster C3 u can be made on the basis of drupe weight (see Supplementary  Table S1 ). Indeed, cluster C1 u includes cultivars with drupe size and weight clearly smaller than those in cluster C3 u . Pair-wise fixation index (F ST ) estimate was 0.134 between cluster C1 u and C3 u ; 0.093 between cluster C1 u and C2 u and 0.104 between cluster C2 u and C3 u . The expected heterozygosity was 0.62, 0.84 and 0.72 within cluster C1 u , C2 u and C3 u , respectively. Population structure was also investigated using AWclust. Based on Gap Statistics, the most likely number of sub-populations was four (K = 4) (see Supplementary Fig. S4A ). As general rule, the hierarchical clustering by AWclust reflects drupe weight variation across cultivars and it is comparable to the Bayesian clustering by STRUCTURE ( Fig. 2) . The dendrogram by AWclust displays two primary nodes and four clusters ( Fig. 2 ). Cluster I u groups 22 olive varieties with an average drupe weight = 2.43 g ± 0.81. This cluster can be split into two sub-clusters, each including varieties from a specific geographical area of cultivation: I u a (cultivars from Central Italy) and I u b (cultivars from Apulia).
Cluster II u includes 28 cultivars and it is separated into two clades: II u a and II u b. Cultivars in clade II u a have drupes of medium weight (average of 2.84 g ± 0.86) and fall into distinct branches corresponding to different Italian regions. Clade II u b groups cultivars with small drupes (=1.65 g ± 0.28) typically cultivated in Calabria and in "Salento", an area located in the South of Apulia region.
Cluster III u comprises 20 cultivars with the highest drupe weight (average = 5.28 g ± 1.62), mainly cultivated in the two insular Italian regions. Finally, cluster IV u includes two clades for a total of 24 cultivars with drupes of medium weight (average of 3.44 g ± 0.99): IV u a groups four varieties cultivated in Apulia (Mora, Cerasella, Mele, Nolca), while IV u b includes cultivars mainly cultivated in Sicily and Calabria.
The one-way analysis of variance (ANOVA), that was used to determine whether there are any statistically significant differences between the means of drupe weight of cultivars in AWclust and STRUCTURE groups, confirms significant differences among the means (see Supplementary Table S2 ).
Diversity analysis via the TASSEL-GBS SNP calling pipeline.
The master tags were aligned to the olive reference genome 66 . Approximately 54% of the reads mapped uniquely to the reference, while 15.9% aligned to multiple positions and 30.6% of GBS sequence tags failed to align. In total, the reference-based TASSEL-GBS pipeline yielded 225,919 unfiltered SNPs. Of these, 37,792 were retained for downstream analyses after applying the filtering criteria described in the methods section. Figure 1B reports the mean depth of coverage and the number of SNPs per cultivar. Taking advantage of the genomic coordinates of olive gene models, 10,087 (26.7%) and 27,705 (73.3%) SNPs were located in genic and intergenic regions, respectively. More precisely, 2,690 SNPs (26.75%) fell within annotated exons, affecting a total of 1,302 genes.
The majority of the identified SNPs (64.6%) were transitions (Ti), with a Ti/Tv ratio of 1.82. The most and the least frequent substitutions were C→T (32.7%) and C→G (5.2%), respectively (see Supplementary Fig. S1 ).
We also applied LD pruning to the 37,792 high-quality SNPs in order to resolve population genetic structure. This resulted in 22,088 SNPs, of which, the vast majority was homozygous for the reference (74.8%), whereas a few loci were scored for the alternate allele (5.9%); ~16.8% of SNPs were heterozygous and only 2.2% were the missing data (see Supplementary Fig.S2B ).
Ten SNP loci were randomly selected in three different cultivars and were validated by PCR amplifications and Sanger sequencing. All the polymorphisms identified in silico were confirmed (see Supplementary Table S3 ).
The dataset of 22,088 SNPs, called by using cv. Farga as reference genome 66 , was used to categorize cultivars into clusters based on their genetic structure.
Structure Harvester indicated K = 6 as the optimal number of sub-populations for the germplasm collection, immediately followed by K = 4 (see Supplementary Fig. S3B Fig. 3 ). Considering that, at both K = 6 and K = 4, most of the cultivars fell in the admixed group at q i ≥ 0.60 (68 and 64 varieties, respectively), we decided to divide the population under investigation into four sub-populations since this best fit with AWclust clustering. At q i ≥ 0.60, Giarraffa was the only accession included in the cluster C4 r . Clusters C1 r , C2 r and C3 r include 15, 12 and 2 varieties, respectively. Pair-wise fixation index (F ST ) estimated values were: 0.130 between cluster C2 r and C1 r , 0.184 between cluster C1 r and C3 r and 0.100 between cluster C2 r and C3 r .
The optimal number of sub-populations detected by AWclust was K = 5 (see Supplementary Fig. S4B ). The grouping and distribution of olive cultivars into five clusters overlapped to a larger extent with those obtained by TASSEL-UNEAK, as previously described. Cultivars were clustered into two main clades including 76 and 18 varieties, respectively (Fig. 3 ). The clade with the largest number of individuals is split into four clusters, all including cultivars with average drupe weight ≤3.50 g. Clusters I r and II r collects 15 and 11 cultivars with a wide range of drupe weight (average of 3.07 g ± 1.14 and of 2.14 ± 0.33) cultivated in Apulia and Central Italy, respectively. Clusters III r (2.19 ± 0.81) and IV r (3.27 ± 0.90), comprising 24 and 26 cultivars, correspond to clusters II u and IV u , respectively. Cluster V r is clearly separated from the rest (Fig. 3 ). This cluster groups 18 cultivars with the highest drupe weight (an average of 5.43 g ± 1.45) mainly cultivated in Sicily and Sardinia and corresponds to cluster III u previously described (Fig. 2) .
The one-way ANOVA resulted in statistically significant differences between the means of drupe weight of cultivars in AWclust and STRUCTURE groups (see Supplementary Table S2 ).
Degree of allele sharing by identity-by-state and inference of population mixtures. Relationships
among the 94 Olea europaea cultivars were also explored by estimating identity-by-state (IBS) allele-sharing values for all pair-wise comparisons using 22,088 unlinked SNPs. The frequency distribution of IBS estimates in Fig. 4 shows that most of the cultivars falls in the bin from 0.74 to 0.77 and that only 19 pairs of cultivars have allele-sharing values >0.95 (see Supplementary Table S4 ).
A multidimensional scaling (MDS) plot of genome-wide IBS pair-wise distances (see Supplementary Fig. S5 ) shows a clear separation of the cultivar into 3 groups, while members of two other groups are scattered in the multidimensional space. The MDS proximity matrix confirms to some extent the clustering pattern observed with STRUCTURE and AWclust, respectively.
The tree-based approach implemented in TREEMIX 69 was chosen in order to infer patterns of population mixtures from genome-wide allele frequency data and to test the presence of gene flow (i.e. the transfer of genetic variation from one sub-population to another). TREEMIX was run on the dataset described above, with olive cultivars grouped into 4 arbitrary sub-populations (i.e. the clusters (C1 u , C2 u , C3 u , C4 u ) identified following population structure definition based on TASSEL-UNEAK SNP markers). Analysis of the TREEMIX log-likelihood values for 0 to 3 migrations revealed that the most predictive model (i.e. that had the highest log-likelihood) assumed the presence of 2 migration events (see Supplementary  Table S5 ). A strong signal of gene flow and/or shared ancestry was inferred between C1 u and C4 u (0.49) and C3 u and C4 u (0.28).
This indicates an exchange of genetic material between sub-populations C1 u and C4 u as well as C3 u and C4 u . What was observed was expected since C4 includes only admixed genotypes. In contrast, we observed negligible gene-flow between C1 u , C2 u , C3 u .
Linkage disequilibrium. Linkage disequilibrium was calculated for all possible combination of pairs (r 2 ) of 22,088 SNPs detected by TASSEL-GBS. Taking into account that these SNPs are located on more than 5,000 scaffolds that differ in size, LD decay was estimated considering only those SNP markers identified in the 30 longest scaffolds (see Supplementary Table S5 ). LD estimation suggested a very rapid decay, with average r 2 dropping to 0.05 within 0.025 kb (Fig. 5 ).
Discussion
A key requirement for progress in any modern olive tree breeding program is to capture the widest possible genetic variability across germplasm collections as well as to investigate genotype-phenotype associations for the basic understanding of adaptive traits.
To this end, SNP markers are a valuable resource to enhance our knowledge on the genetic structure of O. europaea populations and to carefully dissect genetic variability within germplasm collections. The latter is a necessary step for the conservation and future utilization of olive gene pools and for the recovery of alleles left behind by selective breeding. Such reservoir of alleles provides a powerful tool for breeders to undertake efficient breeding programs for the development of novel varieties best suited to new cropping systems and biotic and abiotic stresses 70 . To the best of our knowledge, no studies have been performed yet on Italian olive germplasm based on high-throughput SNP discovery. Within this motivating context, we performed a genome-wide diversity study on a panel of 94 olive cultivars representative of Italian germplasm via genotype-by-sequencing. We believe that the use of different analytical approaches to detect SNP variation and estimate population structure and genetic relationships makes our work relevant and valuable from a methodological point of view.
By using a reference-based and a reference-independent SNP calling pipeline we developed an extensive catalogue of SNPs used to model population structure via parametric and non parametric-based clustering and investigate relationships among Italian olive cultivars. Furthermore, our results unveil cases of possible synonymies (see Supplementary Tables S4,S7 ) and support new hypotheses on the geographical relationships among olive varieties cultivated in Italy.
It is well known that the availability of a reference genome can facilitate GBS data analysis, although several reference-independent SNP calling pipelines have been successfully applied for genetic diversity studies. We used two different SNP calling pipelines, namely, TASSEL-UNEAK (reference-independent) and TASSEL-GBS (reference-based). Even if the current olive tree genome assembly is far from being chromosome-scaled (it is composed of more than 5,000 scaffolds covering 1.31 Gb out of an estimated genome size of 1.38 Gb) 66 and despite the lack of a "gold standard" structural and functional annotation, we still used this reference genome for the de novo discovery of SNP markers via GBS. As expected, TASSEL-GBS outperformed TASSEL-UNEAK with respect to the number of high quality SNPs (22,088 vs. 8,088). The 3-fold difference in the number of SNPs could be influenced by the more stringent parameters used in absence of a reference genome 53 . Conversely, the mean depth of coverage, and the frequency of reference and effect (or alternative) SNP alleles per cultivar were comparable between the pipelines (Figs 1 and S1 ). This result further endorses that GBS is a valid and robust tool for SNP discovery even when a reference genome is lacking and that reference-independent SNP calling pipelines can be definitely valuable in underutilized, neglected, or orphan crops.
As mentioned before, a high number of master tags were generated, however only 53.6% of them aligned to the reference genome following the GBS tag-to-reference genome alignment step in TASSEL-GBS. This is not surprising. Indeed, missed alignments (false negative) can be ascribed to (i) distance between DNA sequences that might have prevented read-to-genome-alignments especially when very stringent alignment parameters were used to minimize the number of multiple alignments; (ii) the incomplete nature of the reference genome; (iii) regions with lower quality sequences; (iv) presence of reads from organelle genomes.
In this study we applied two complementary clustering methods (a parametric Bayesian clustering, that assume Hardy-Weinberg equilibrium and linkage equilibrium among loci in individuals of the sample population, and a non-parametric distance-based hierarchical clustering, that it is based on a matrix of pair-wise allele sharing distances between all of the individuals in the dataset) to assess genetic diversity and establish relationships among individuals in the population under investigation. As previously discussed elsewhere, the two methods were found to corroborate each other remarkably well 48 . The comparison between the two AWclust-derived dendrograms (Figs 2B,3B) shows that SNPs called both by TASSEL-GBS and TASSEL-UNEAK usually assign cultivars to similar clusters with three minor differences.
The first one affects olive cultivars with the highest drupe weight. They were assigned to distinct clusters with low overlap among their elements. However, when we examine the dendrogram developed on the basis of the SNPs identified by TASSEL-GBS, a significant clustering adjustment is observed. All olive cultivars with the highest drupe weight (cluster V r ) originate from a single ancestor node, which clearly separate them from the remaining cultivars with medium and low drupe weight. This finding suggests that the most important parameters which influenced clustering analysis are size and weight of the drupe. This assertion is consistent with results from previous studies, which indicates those as high heritability traits 8,71,72 . This hypothesis is also supported by the second difference we observed in the clustering. This concerns the clusters to which Cerasuola and Grappolo, characterised by having a medium drupe weight, belong. Based on SNPs called by TASSEL-UNEAK, they unexpectedly grouped in cluster III u a with most cultivars characterised by highest drupe weight. Contrariwise, the clustering that relies on SNPs called by TASSEL-GBS assigns these two cultivars in a cluster (IV r b) including twenty-two varieties with comparable drupe weight (4-6 g.).
Finally, the third difference we found affects the sub-set of natural sweet Apulian cultivars (Mora, Cerasella, Mele and Nolca), whose fruits are natural debittering on the tree during ripening 73, 74 . In the dendrogram in Fig. 2 , this sub-set is part of the cluster (IV u ) that includes cultivars with medium drupe weight. Interestingly, the same sub-set is located into the cluster I r (Fig. 3) , where all Apulian "sweet" olive cultivars are placed. This example clearly shows that the AWclust-derived dendrogram generated by TASSEL-GBS SNPs does not only group cultivars based on drupe morphological features, but also defines clusters based on the geographical area of cultivation. Indeed, the hierarchical clustering based on SNPs called by TASSEL-GBS resulted more robust and informative compared to the one based on TASSEL-UNEAK.
At first glance, STRUCTURE clustering may look less self-explaining than that made by AWclust. Going further in detail, population structure inferred by TASSEL-UNEAK SNP markers seems to be more profitable compared to that assessed by TASSEL-GBS, which includes a larger number of cultivars with a mosaic of allele frequencies (i.e. admixed ancestry).
The fact that SNPs called by TASSEL-GBS and by TASSEL-UNEAK return several admixed genotypes reveals that Italian olive germplasm has accumulated high level of variability over the centuries. This is supported by the fact that Italy is located in the middle of the Mediterranean basin that is considered a hybrid area between the Eastern and Western zones 3, 75, 76 where diversification of cultivated olive tree mainly took place. Furthermore, we cannot ignore that the very high genetic variability in olive tree is especially due to its mating system. Olive tree is an allogamous wind-pollinated species to which self-incompatible cultivars belong 77 . This results in an increase of spontaneous crosses that give rise to olive genotypes with a spectrum of allele frequencies derived from ancestors 78 . Several studies have documented genetic admixture on a local or large scale in olive tree given the out-crossing nature of O. europaea 18 . Indeed, gene flow between wild and domesticate forms has been hypothesized to have shaped olive genetic diversity across the Mediterranean basin 9, 18, 28 .
Many studies based on a small number of SSR and AFLP markers have been carried out to identify synonyms and/or homonyms among Italian olive cultivars, although they do not unequivocally clarify the existing genetic relationships 9, 12, 79 .
Pair-wise clustering based on IBS as well as allele frequency estimates suggests the occurrence of several cases of synonymy. Many of them have been already described in previous studies based on morphological traits and molecular markers 12, 32 , while others were uncovered here for the first time (see Supplementary Tables S4,S7 ). By fixing IBS values ≥0.95, we found 19 pairs of cultivars that look similar to each other (see Supplementary  Table S4 ). Based on coefficient membership (q i ; i.e. probability of an individual belonging fully to one ancestral population) it is possible to distinguish several cases of synonymy among the individuals that draws most of their genetic ancestry from different populations. For all these cases, varieties are cultivated in confined geographical areas and it is possible that original names were altered in accordance with local dialects. Interestingly, by fixing q i ≥ 0.97 we observed the following two cases of synonymies: (i) Cima di Mola, Bottoni di Gallo and Mignola (q i = 0.98); (ii) Ogliarola barese, Taggiasca and Frantoio (q i = 1). In both cases, synonymies are certainly not attributable to varieties cultivated in narrow geographical areas. It is well known that genetic improvement of olive is also characterised by vegetative propagation of the most valuable individuals 80 .
With this in mind, we can speculate that some individuals were vegetative propagated by cuttings or clonal propagation and were disseminated by human migrations across the Italian peninsula disregarding the cultivar name. It must however be stressed that cultivars genetically indistinguishable from others could be phenotypically different. This is not surprising since variations in light, altitude, soil composition and water availability could completely change the physiological and morphological aspect of the olive plant [81] [82] [83] .
The results we obtained by using SNPs called by TASSEL-GBS and TASSEL-UNEAK and applying two complementary methods for the estimation of genetic diversity indicated a clear and consistent subdivision of the cultivars under investigation into three main groups.
This finding, together with data on patterns of population splits and mixtures, allowed us to formulate hypotheses about the geographical relationships, dissemination and diversification of olive cultivars in Italy. Given the above, we distinguished a sub-population that includes cultivars from Apulia (I r or I u a) and Central Italy (II r or I u b) that may have evolved from a common ancestor population.
F ST values revealed moderate isolation between cultivars in C1 u cluster and all the others. In addition, a strong signal of gene flow between C1 u and C4 u (that includes admixed genotypes) was observed. The MDS plot of SCIENtIFIC REPORTS | (2018) 8:15877 | DOI:10.1038/s41598-018-34207-y genome-wide IBS pair-wise distances shows that members of the cluster Ir and IVr (i.e admixed genotypes) are scattered in the multidimensional space. On the basis of these further evidences we can state that C1 u represents a relatively closed gene pool that exchanged genetic material through inter-breeding with other varieties cultivated in Italy. Most likely, the C1 u population originated from local oleasters intermixed with feral forms and has spread to different Italian regions over time.This hypothesis is supported by Baldoni, et al. 9 , who investigated the genetic relationships among wild types and cultivars collected from three Italian regions: Umbria, Sicily and Sardinia.
The authors concluded that Umbrian cultivars have mainly originated by selection from local oleasters. Interestingly, these cultivars are widely disseminated in the regions of north, central and southern Italy and this suggest their ancient origin. Albertini, et al. 84 reported that the modern Italian olive cultivars, localized in Central Italy, could derive from the hybridization between cv. Leccino and Dritta di Loreto with ancestral genotypes. Finally, Muzzalupo, et al. 12 pointed out a high level of gene flow from the varieties cultivated in Central Italy and the others spread throughout the Italian territory.
The second sub-population (Cluster V r or III u ) includes cultivars mainly from Sicily and Sardinia. We proved that these cultivars never exchanged genetic material with the remaining varieties under investigation. The close relationship between the pools of the two islands suggests that they did not originated from local oleasters but most likely have been introduced into these regions from the outside 9 . This hypothesis is supported by Las Casas, et al. 79 , who assessed the genetic diversity of olive cultivars from Sicily (several of which were also analyzed in this study) and other countries of Mediterranean basin. The authors highlighted that Sicilian cultivars clearly separate from other Italian varieties but were grouped with cultivars from Spain and Marocco. Indeed, historical and cultural relationships between Catalan and Sardinian and Sicilian cultures are well known 85 as well as trading contacts between Italian insular regions and Phoenicians.
The third sub-population (cluster III r or II u ) could derive from a common ancestor from Magno-Greek origin, since all the cultivars in this sub-population are cultivated in Southern Italy, that was colonized by the Greeks in the eighth century BC 86 . In particular, two sub-clusters can be identified: cluster III r a or II u a and III r b or II u b refer to the area of Ionic and Doric influence, respectively. Within the Doric group are cultivars from Salento (Cellina di Nardò) and Calabria (Sinopolese e Ottobratica). All are characterised by small drupes and monumental trees and are subjected to the same cropping system 87 .
The Ionic group includes cultivars originating from the Magno-Greek Ionian cities such as Ferrandina and Metaponto 88 , and, indeed, the most representative cultivar within this group is "Maiatica di Ferrandina".
It is noteworthy that varieties cultivated in geographically distant but culturally close areas are part of this group. This is probably due to close trading ties between the Etruscans/Italiote populations (Campania: Rosciola, Puntella, Caiazzana; Umbria/Lazio: Dolce Agogia) and the Magno-Greek colonies 89 .
To sum up, we identified three main gene pools, which we named I 1 , I 2 , I 3 . I 1 represents most of the Italiote cultivars with admixed ancestry; I 2 consists of cultivars of Catalan origin and I 3 includes most of the cultivars of Magno-Greek origin (Fig. 6) .
Such a grouping reflects to some extent what already observed by Diez, et al. 18 and by Besnard, et al. 3 . According to Besnard et al. 3 , the centre of olive origin would be in the North Levant, from which two parallel diversification processes took place, one in the Western and the other in the Eastern part of the Mediterranean basin. In order to verify this hypothesis, Besnard et al. 3 E2/E3 consist of varieties from the Western and Central Mediterranean. A further study based on SSR markers highlighted the existence of three genetic groups of olive cultivars in the Mediterranean basin (tagged as Q1, Q2 and Q3) 18 . Q3 includes cultivars subjected to the first event of domestication occurred in North Levant (which corresponds to line E1), followed by a secondary independent event of domestication in central Mediterranean basin (Q2). Notably, Q2 (which corresponds to lines E2/E3) is a product of admixture between the set of Eastern domesticates (Q3) and Western oleasters. A close genetic relationship between cultivars in Southern Spain (Q1) and the feral forms from the Eastern was observed. The scenario just outlined for the population under investigation, although supported by different methods of analysis and by literature on the subject, may serve as working hypothesis for subsequent studies.
Herein, we evaluated the extent of LD decay and found that the rapid LD decay inferred by this study is consistent with previous estimates in olive 38 as well as in other fruit crops 90 . The low extension of LD may be probably due to the self-incompatibility of several olive cultivars: the higher the level of heterozygosity is, then the lower the LD that is counterbalanced by the increasing number of recombination events.
Although our work overlaps to some extent previous studies based on a limited number of AFLP, SSR and SNP markers, we provided much more precise indications on genetic similarity among the cultivars in the germplasm collection thanks to a large genome-wide SNP panel. Indeed, we were able to capture genetic variability at an unprecedented level of detail. This, in turn, allowed pairs of cultivars that look very similar to each other (cases of synonymy) to be identified based on identity-by-state (IBS) computation.
In total agreement with previous studies, we corroborated the evidence that the geographical area of cultivation is a driving force for genetic clustering. The novelty that emerges when allele-frequency distribution histograms by STRUCTURE and dendrograms by AWclust are taken into account is that olive drupe weight plays a major role in structuring genetic diversity in olive.
Finally, we believe that the genome-wide SNP panel we generated and released to the public will be valuable for future genome-wide association studies.
Methods

Plant material and DNA extraction. A panel of 94
Olea europaea L. var. sativa olive cultivars (see Supplementary Table S1 ) was selected from a large collection of ~500 cultivars corresponding to 85% of the total Italian olive germplasm 12 grown at the experimental field of CREA Research Centre for Olive, Citrus and Tree Fruit on the Ionian Sea cost of Northern Calabria, Italy (39°37′00′′ North latitude, 16°45′53′′ East longitude, 6 m a.s.l.). Olive trees were spaced with a regular planting pattern of 4 × 6 m. Drupe weight (g) in Supplementary  Table S1 was measured considering the average weight of 100 drupes per cultivar.
Such germplasm is considered diverse on a regional scale since each region has gradually selected varieties adapted to environmental, agronomic, cultural and traditional features of the site. With this in mind, the 94 cultivars were selected so that they could represent the whole genetic diversity and phenotypic variability of the original collection. Genomic DNA was extracted from young leaves using the protocol described by Doyle 91 with minor modifications as follow: after re-suspension in TE 0.1X, 2 volumes of CIA 24:1 were added to the mixture, then 2.5 volumes of 100% ethanol and 1/10 volume of sodium acetate 3 M pH 5.2 were added to force DNA precipitation. DNA quality and concentration were checked by agarose gel 0.8% and Qubit 3.0 fluorometer (Life Technologies, USA).
Genotyping-by-sequencing and SNP calling.
Genotyping-by-sequencing was performed as described by Taranto, et al. 48 using the EcoT22I restriction enzyme. Two different pipelines were run for SNP calling: the reference-independent TASSEL-UNEAK pipeline 53 and the reference-based TASSEL-GBS pipeline 92 . In the TASSEL-GBS pipeline, master tags (i.e. collapsed sequence tags from each sequence file) were aligned along the olive tree reference genome available at http://denovo.cnag.cat/genomes/olive/download/Oe6/Oe6.scaffolds. fa.gz 66 using the Burrows-Wheeler Aligner tool (version 0.7.8-r455) with default settings.
Both pipelines produced a VCF file that was subjected to a filtering procedure using VCFtools [version 0.1.13 93 ;] with the following parameters: minimum allele frequency (MAF) ≥0.05, max-missing = 0.90, Hardy-Weinberg Equilibrium (hwe) = p ≤ 0.001 and min-mean depth = 5. Single nucleotide InDels were removed. VCFtools were also used to generate various statistics on the dataset under investigation and to add gene annotations to VCF files.
Ten SNP loci were selected in three cultivars (i.e. Ascolana tenera, Tendellone and Leccino that exhibit nucleotide differences at the same position) for validation by PCR amplifications and Sanger sequencing (ABI PRISM 3130, Genetic Analyzer, Applied Biosystems ™ , USA) (see Supplementary Table S3 ). With a custom Perl script, a genomic region of 150 nucleotides surrounding each SNP locus was extracted and Oligo Explorer 1.2 (http:// www.genelink.com/tools/gl-oe.asp) was employed to guide primer design (see Supplementary Table S3 ).
Linkage disequilibrium (LD) was calculated on the SNP dataset derived from the TASSEL-GBS pipeline using the SNP & Variation Suite software (SVS; v8.4.0; Golden Helix Inc. Bozeman, MT, USA, www.goldenhelix.com). LD decay across the genome was evaluated considering the SNPs of the 30 longest scaffolds (see Supplementary  Table S6 ). The point where the loess curve reaches the plateau was considered the background level of LD.
Genetic diversity analysis. High quality SNPs from TASSEL-UNEAK and TASSEL-GBS were used as input for a parametric [STRUCTURE v.2.3.4 67 ;] and a non-parametric population structure analysis software [AWclust 68 ].
As the STRUCTURE algorithm assumes independent loci, a SNP dataset pruned from loci in strong LD was generated using the SVS software v8.4.0, setting the r 2 threshold equal to 0.5. For each K (from 1 to 10) ten independent runs were performed applying the admixture model, set a Markov chain Monte Carlo of 100,000 burn-in SCIENtIFIC REPORTS | (2018) 8:15877 | DOI:10.1038/s41598-018-34207-y phases followed by 100,000 iterations. The optimal K value was estimated using Structure Harvester 94 . Cultivars having a membership coefficient (q i ) ≥0.60 were clustered, while varieties with q i < 0.60 at each assigned K were considered as admixed. To determine the level of differentiation among sub-populations, we calculated the fixation index (F ST ) among all possible pair-wise combinations using SVS. AWclust was also used to generate a matrix of pair-wise allele sharing distances (ADS) between all individuals in the dataset and to infer population structure. Gap statistic was employed to calculate the optimal number of groups (K) based on sample genetic relatedness 95 . Pair-wise IBS allele-sharing estimates among olive tree samples were calculated using PLINK 96 v1.90b5.2 and graphically represented by MDS plot. TREEMIX 69 was used to infer patterns of population mixtures and to test the presence of gene flow among olive sub-populations. A variable number of migration events (M) ranging from 0 to 10 was tested and the value of M that had the highest log-likelihood was selected as the most predictive model.
